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once the variation induced by the reference gaid  is removed, is proportional to the local

topography (Fig.2A). The phase in a coseismic  intcrferogram  (Fig. 2B) spanning the

seismic event and processed in the same way is the sum of two tem~s:  one, proportional to

the topography and one, to the displacement of the surface related to the earthquake. The

phase in the coseismic interferogram  is more sensitive to surface displacements than to the

topography by several orders of magnitude (3), so centimeter-level displacements

contribute substantially to the interfemmetric  fringes in Fig. 2B (11). The topographic

signal can be removed from the coseismic interferogram  by scaled difference with the

preseismic interferograrn  (12). The resulting interferograrn depicts surface displacements

related to the earthquake and aftershocks in a direction parallel to the line of sight to the

satellite (Fig. 2C) (13).

The ring-shaped fringes in the epicentral  area c)f this interferogram  (Fig. 2C) depict

subsidence of the surface of the hanging wall in response to the fault slip at depth. The

subsidence basin is -35 km in length and -20 km in width, and is oriented slightly west of

north. The fringes appear narrower along the south-cast side of the basin than along the

west side of it, consistent with displacement produced by a west-dipping fault.

A few residual fringes are visible around the depression and in the far field where

surface displacements related to the earthquake are unlikely. Most of these fringes are not

topographic residuals because they do not coincide with any features in the preseismic

interferogram. The fringes may reflect small surface changes related to water content in the

soil or wave propagation delays through the ionosphere and the troposphere (14).

The northern (AA’) and central (B B’) parts of the subsidence basin are relatively

symmetric. This probably results from the great deptli to the top of the rupture along these

sections of the fault, Some of the surface fractures observed in the. Eureka Valley fill basin

(arrow A 1 in Fig. 1,3) showed 5 to 20 mm of vertical separation (7). Such offsets are not

depicted in the radar measurements even though the noise in the radar data does not exceed

a few millimeters in this arei  (profile AA’, Fig. 3). A possible explanation is that the
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fractures were shallow and produced displacements attenuated over a short distance from

the surface break. In the averaged radar data, the pixel separation is -80 m, and local,

vertical separation of the ground across a stnall surface break nMy be undetecttxl.  Such

fractures could have been generated by shallow aftershocks. Because they lie in the center

of the depression, and not along its eastern edge, however, it is clear that they do not

correspond to the main rupture.

The maximum displacement

or 8.75 cm in range, corresponding

side of profile BB’ shows a gentle

in the center of the depression is 3.1 cycles of phase,

to a vertical displacement of 9.S cm (15). The eastern

bump, higher than the western side, as a result of the

slight uplift of the footwall  in response to the down-dip slip on the west dipping fault.

Along the eastern edge of the southern part of the basin, profile CC’ shows a step

of 3 cm. The step can be followed for several kilometers in the interferograrn, beeoming

gradually smoother to the north and south. We interpret this feature as a shallow dislocation

along the southern section of the fault and a surface bleak along a small section of it (16).

Here the rupture is along a -100 m high escarpment in volcanic deposits in the southern

Saline Range. The sharpest phase offset is where the

(Arrow A2 in Fig. 1, 3).

We have conducted a field survey along

escarpment steps 500 m

the fault in order to

to the right

verify our

interpretation. At the base of smaller, -10 m high, N35-45°E  escarpments, connecting the

two main escarpments, we found evidence of down-to-the-west, displacement of the

ground of 1-3 cm. The surface breaks could be followed for a few tens of meters along one

escarpment, and formed en echelons steps between the two major fault scarps. The

roughness of the basalt in this area prevented us fron I making a clear map of the rupture.

1 lowever,  the combination of the radar data and the field observations suggests that the

main dislocation reached the surface along the southern segment of the fault. That the

surface break is observed along the eastern edge of the subsidence basin is in agreement

with a westward dip of the main fault plane at depth.
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The main shock fault plane strikes north-northeast (4), whereas the axis of the

subsidence basin and the aftershock distribution are both oriented 5 to 10“ west of north

(Fig. 1, 2C). This pattern suggests that the slip on the fault plane was along, or below a

line plunging to the north. Such slip would produce a subsidence basin with a long axis

parallel to the trend of the line of maximum slip on the fault plane, rather than to the fault

strike direction. If we define this line on a fault plane with clip angle a by the angle 8 it

makes with the horizontal (Fig. 4), its trend makes an angle ~ = tan”l(cos cx tan 8) with the

fault plane strike. An angle ~ of 15-20°, such as that observed in the data, could be

obtained with 6 = 22-29” and a fault plane dipping 50’. The hypoccnter  of the main shock

is at a depth of 13 km, in the northwestern part of the subsidence basin, and the surface

rupture is along the southeastern edge of the basin. The rupture thus likely propagated

upward and southward on a west dipping fault plane.

We modeled the earthquake dislocation as a 15 km long, 16 km wide fault plane

striking N7”E and dipping 50” to the west. The plane was divided into 16 patches and

maximum slip was assumed to be distributed near the north plunging diagonal of the fault.

We imposed the slip to be 3 cm at the surface in the south and no slip on patches located

above the zone of maximum slip on the fault plane. The slip values in the lower fault

patches were adjusted to match the seismic moment of the earthquake (4). An elastic half

space dislocation model (17) shows that such fault parameters imply a subsidence basin

with a long axis oriented slightly west of north, consistent with the radar observations. The

predicted displacement along profiles BB’ and CC’ is in good agreement with the

displacement observed with the radar (Fig. 3). Along profile AA’, however, the model

predicts a smoother and shallower depression than that observed with the radar. The steep

lateral slopes of the observed depression there suf,gest that shallow sources, such as

aftershocks, may have contributed to the subsidence, one of the largest aftershocks actually
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occurred at shallow depth in this area two days after the main event (18) (Fig. 1). The

effect of this aftershock, which had a steep, west-dipping fault, could also explain the

angular shape of the inte~ferometric  fringe, just nort}l  of AA’ (Fig. 2C). The difference

between modeled and observed displacements along AA’ could also be explained by

heterogeneities in sediments along the edges of the basin, such as basement scarps

connecting with the large surface scarps in the Saline Range.

We have shown that radar interferometry  can provide quantitative results about the

mechanism of an earthquake even in remote areas where surface ruptures are not apparent.

In a region like the Los Angeles basin, where most faults are blind and earthquakes

general] y not associated with surface breaks, radar interferometric  maps of coseismic

displacement would enhance the resolution offertxl  by conventional geodetic techniques and

would help determine the geometry of faults at depth.
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Figure captions:

Fig. 1: Active fault map of the Eureka Valley region over a shaclcd  USGS topographic

map. Faults are from interpretation of Landsat TM image. White contour depicts projcmcd

fault plane as modeled in this study. Light shaded area in fault plane is zone of non-zero

slip, Arrow A 1 shows location of surface breaks recognized in the field after the earthquake

(7). Arrow A2 points to fault segment where seismic rupture reached the surface, as

inferred from the radar clata.  Dashed line delineates ama shown in Fig. 2. Large star

indicates location of main shock, small stars, locations of aftershocks of magnitude greater

than 4.5, and circles smaller aftershocks (6). Focal mechanism of the main shock is

depicted (19).

Fig. 2: SAR interferograms formed from combination of the 14 Sep. 1992-23 Nov. 1992

(A), and the 23 Nov. 1992-8 Nov. 1993 (B) SAR images, and by double difference (C)

of interferograms in (A) and (B). Black areas in (B) and (C) are zones of low coherence

that have been masked  before unwrapping the phase (12). They correspond to zones of

major surface changes such as over sand dunes or cultivated fields, and to zones of phase

ambiguities productxl  by overlays on steep slopes facing toward the satellite. Black masks

are absent in interferogram  (A) because it has not I Ben unwrapped, The phase value is

color coded and laid over the radar intensity ima~e for reference. The interferometric

baseline (11 ) of the second image pair (B) being smaller than that of the first pair (A), the

fringe spacing is larger in the map of Fig. 2A than it is in the map of Fig. 2B. In (A), a full

color cycle corresponds to an elevation difference of 50 m. In @), a full color cycle can be

due to either an elevation difference of 78 m, 28 mm of line of sight surface displacement

(half the radar wavelength), or a combination of the two. In the 3-pass interferogram  (C),

where the topography has been removed, a full colcx cycle corresponds to a displacement
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of the ground of 28 mm in the direction of the satellite. White lines in (C) indicate location

of profiles shown in Fig. 3.

Fig. 3: Profiles of surface displacement observed with the radar (solid lines) and predicted

with an elastic dislocation model (dashed lines) (17). Profiles are corrected for the

geometric distortion induced by topography in radar imagery. Arrow Al in profile AA’

indicates location where surface cracks were observed (7). AITOW A2 in profile CC’ points

to the place where the main rupture reached the surface.

Fig. 4: Sketch showing a plunging slip distribution on a fault plane with dip angle &
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